The classic structure-function paradigm holds that a protein exhibits a single well-defined native state that gives rise to its biological function. Nonetheless, over the past few decades, numerous examples of proteins exhibiting biological function arising from multiple structural states of varying disorder have been identified. Most recently, several examples of 'metamorphic proteins', able to interconvert between vastly different native-like topologies under physiological conditions, have been characterised with multiple functions. In this review, we look at the concept of protein metamorphosis in relation to the current understanding of the protein structurefunction landscape. Although structural dynamism observed for metamorphic proteins provides a novel source of functional versatility, the dynamic nature of the metamorphic proteins generally makes them difficult to identify and probe using conventional protein structure determination methods. However, as the existence of metamorphic proteins has now been established and techniques enabling the analysis of multiple protein conformers are improving, it is likely that this class will continue to grow in number.
Introduction
The study of protein structure has classically been based on the assumption that a protein adopts a single, well-defined three-dimensional fold under native conditions. It is assumed that this unique fold is encoded by the protein's amino acid sequence with, at most, small structural changes available to facilitate function. However, there is now a growing body of proteins shown to possess ambiguous fold characteristics. This includes the identification of several proteins able to adopt more than one native conformation from the same amino acid sequence under physiological conditions. These novel proteins have been termed 'metamorphic' (Murzin 2008) .
Metamorphic proteins are classified by their ability to undergo reversible conformational transition from one ordered fold topology to a vastly different ordered fold via major structural modification. This ability to interconvert between differing fold topologies has the potential to expand functional utility within the cell. The concept of protein metamorphosis evolutionary intermediates also provides an appealing rationale for the rapid evolution of new divergent folds possessing high sequence homology.
The key to understanding the functional role and evolutionary importance of metamorphic proteins lies not only in deciphering the structural transitions involved but also in the kinetics and environmental triggers for conformational change. To date, the majority of identified metamorphic proteins have been structurally classified using the conventional techniques of crystallography and NMR spectroscopy. However, it is becoming increasingly apparent that, in order to identify and isolate individual metamorphic fold topologies or simultaneously probe multiple metamorphic conformational states, the development of novel structural analysis strategies to handle the dynamic nature of this protein class is necessary.
Here, we discuss the rationale for the foundation of the metamorphic protein class in light of current views on both protein folding and structure-function relationships, further exemplified by several illustrative examples. We note the experimental challenges faced by the structural biology community in order to accommodate this unique protein family, both in the development of protein structure prediction strategies and the application of structure determination methods.
Challenging the classic 'one sequence-one structure' protein dogma
The first insights into the role of the amino acid sequence in defining the three-dimensional protein structure can be traced back to the early 1900s. The process of protein folding was postulated to be a reversible 'all-or-nothing' transition between a denatured state, consisting of biologically latent random coil, and a highly-ordered native fold (Anson and Mirsky 1925; Mirsky and Pauling 1936) . The physical process of protein folding could be described by the classic thermodynamic hypothesis of Anfinsen's dogma (Anfinsen 1972 (Anfinsen , 1973 . In Anfinsen's dogma, the native state of the protein is said to adopt a single, stable, unique, and well-defined three-dimensional fold. The native state then represents the global minimum of free energy under physiological conditions.
Many of the earliest protein biochemistry studies primarily focused on globular transport proteins and catalytic enzymes. These proteins could be readily purified from tissue materials in large quantities and, as it could be measured simply, their function became relatively well understood. The functional requirement for such proteins to form and maintain an accurate, proficient and specific active site structure likely exerts a strong selective pressure to adopt one stable and conserved fold. This structural rigidity also, quite fortuitously, generally makes globular proteins highly amenable to crystallisation. Hence, the first X-ray crystallography protein structures from the late 1950s and early 1960s (for example, myoglobin Kendrew et al. 1958; haemoglobin, Perutz et al. 1960; and lysozyme, Blake et al. 1965; Johnson and Phillips 1965) , reflect this early trend in the study of globular proteins. However, in recent years, both advancements in molecular cloning methods to generate and modify proteins of interest and advancements in protein structure determination methods, such as NMR, have provided us with high-resolution structures of proteins in solution in addition to their crystallised form. These solution structures of proteins have considerably extended our understanding of protein folding to reveal that there are additional structural and functional states that cannot solely be described by Anfinsen's dogma of 'one sequence-one structure'.
Still today, one of the most puzzling problems in understanding protein structure is the efficiency of protein-folding. Most small proteins fold spontaneously on the millisecond or even microsecond time-scale. Such a rapid rate of protein-folding would not be possible if protein-folding followed a simple stochastic process whereby the protein samples all possible conformations with equal probability. This concept, known as Levinthal's Paradox (Levinthal 1969; Zwanzig et al. 1992) , thus suggests that the protein-folding follows a guided pathway of local interactions or kinetically controlled stable intermediate states. By the late 1960s, there was an increasing accumulation of experimental data detecting the presence of protein folding intermediates and partially folded transition states, primarily through non-simultaneous variation in spectroscopic properties upon protein unfolding (see, for example, Tanford et al. 1966) . In light of this experimental evidence challenging the concept of the 'all-or-nothing' transition between the unfolded and native state, much debate followed. Initially, it was not clear if these intermediate states were simply incorrectly folded forms obtained under conditions inappropriate for folding or whether they represented true folding intermediates that maintained substructures of the native fold (Baldwin 1975) . It was not until the early 1980s that experimental evidence of a third thermodynamically stable class of fold, clearly different from both the native and denatured states, was described (Dolgikh et al. 1981; Ohgushi and Wada 1983) . This third equilibrium state, termed the molten globule (MG) (Fig. 1a) , describes a compact collapsed state that retains some native-like secondary structure but lacks the tightly packed protein interior characteristic of a globular protein. Over the last decade it has also become evident that a significant fraction of proteins, estimated at over 40% of the human proteome, lack stable structure along either their entire length or within localised region of more than 30-40 residues in length (Uversky and Dunker 2010) . Unlike the classical globular proteins, intrinsically disordered proteins (IDPs) exhibit a high degree of structural disorder and, as such, exist in a dynamic ensemble of conformations. Although some IDPs have been shown to remain substantially disordered throughout their entire functional process, others have been shown to adopt ordered structures once in complex with binding partners (Fig. 1b) . IDPs also generally appear to possess a distinct functional repertoire compared to highly structured proteins. Many IDPs are involved in functions related to the organisation of complex protein-protein interaction networks such as cell signalling and regulation in which the ability to interact with numerous binding partners may be advantageous (for a further extensive review of the IDP class, see (Tompa 2009 )). IDPs demonstrate that a well-defined structure for the IDP segment in the isolated or 'inactive' protein is not required for function and perhaps protein structure dynamism is even functionally and evolutionarily advantageous for certain biological processes.
Further, examples challenging the notion of Anfinsen's dogma also include instances of proteins which exhibit irreversible conformational rearrangements such as protein misfolding. Protein misfolding occurs as a result of largescale structural rearrangement with an accompanying dramatic increase in protein stability of the misfolded form. As such, the misfolded form represents a lower free energy conformation than the native state. Hence, protein misfolding is essentially an irreversible process under physiological conditions (Fig. 1c) . There are several well known and studied protein systems which undergo dramatic and permanent conformational changes, most notably the aggregation of misfolded protein sequences into amyloid fibrils rich in β-structure and eventually into larger Fig. 1 The classical 'one sequence-one structure' protein dogma cannot be used to describe the structural transitions and functional states of all proteins. a Folding intermediates are not only involved in the protein folding pathway, but can also possess unique functional properties distinct from the native state. Folding intermediates of Rdapocytochrome b562-PDB 1YZC, (Feng et al. 2005 )-possess the helical structures of the native four-helix bundle-PDB 1M6T (Chu et al. 2002) -without the tightly packed tertiary interaction of the native core. b Intrinsically disordered proteins possess function despite a lack of define secondary structure along their entire length or in localized regions. Structure may be acquired through interaction with binding partners. For example, stathmin (colored yellow) is an intrinsically disordered protein that forms a ternary complex with tubulin (grey form-filled)-PDB 1SA0, (Ravelli et al. 2004 )-which is important in the regulation of microtubule dynamics. c Protein misfolding involves transition from the native state to an alternate structure accompanied by a large increase in stability such that the process is largely irreversible under physiological conditions. The serpin protein PAI-1 can spontaneously undergo an active-to-latent transition -PDB 1DB2, (Nar et al. 2000) , and 1DVN (Stout et al. 2000) , respectively. Latent PAI-1 can only be partially reactivated by treatment with denaturing reagents followed by renaturation of the unfolded molecule. d Under physiological conditions, metamorphic proteins are able to reversibly transit between multiple stable native states that possess vastly different fold topologies. Mad2 exists in a two-state equilibrium of the open (O-Mad2)-PDB 1DUJ (Luo et al. 2000) -and closed forms (C-Mad2)-PBD 1S2H (Luo et al. 2004) . Regions that undergo dramatic structural change are colored red aggregated entities. These insoluble fibrous aggregated amyloid structures, also histologically referred to as 'plaques', are associated with the pathogenesis of some of the most well-known debilitating neurodegenerative diseases including Alzheimer's, Parkinson's and Huntington's diseases, and prion encephalopathies (Greenwald and Riek 2010) . These fibrillar amyloid protein species have long been viewed as pathological structures (or even sometimes simply as experimental artifacts hampering detailed protein structure determination). However, growing evidence now indicates that amyloid formation may also be a highly evolutionarily conserved functional structure necessary for normal physiology including cellular roles such as hormone storage, scaffolding, epigenetic control of polyamines and information transfer (Maury 2009 ). Additionally, the serpins are an enigmatic group of proteins that also exhibit irreversible structural changes to facilitate protease inhibition in cells. Binding of a serpin protein to its target protease results in cleavage of an exposed amino-acid sequence in the serpin, called the reactive-centre loop (RCL). In its anti-protease form, the RCL is held at the top of the serpin molecule and upon protease binding becomes cleaved. This allows the RCL to become an additional β-stand in the centre of the β-sheet core of itself (Gettins 2002) . The metastable nature of the serpins also enables some members to misfold into a latent form in which the RCL is inserted in the core without having been cleaved and also makes them susceptible to polymerisation. However, unlike amyloid, the repeating unit within the serpin polymer essentially adopts a native-like fold. Polymerisation is thought to occur via domain swapping of adjacent serpin molecules (Yamasaki et al. 2008; Huntington and Whisstock 2010) . Extensive domain swapping results in a significant increase in protein stability, analogous to protein misfolding, and is consistent with the irreversible nature of the serpinopathy disorders including emphysema, early onset dementia and liver cirrhosis (for further review of this protein class, see Kaiserman et al. 2006) . However, it still remains unclear whether domain swapping of the serpins also has a functional role in cells. Further work is required to clarify the relationship between structure and function of such protein ensembles.
While the notion continues to apply that function is exclusively associated with a single, unique and welldefined three-dimensional structure for most protein families, the alternative view that proteins are an ensemble of substructures in equilibrium with the native state is beginning to prevail. Together, the existence of folding intermediates, IDPs and 'misfolded' states demonstrates that multiple structures can be accommodated by a single amino acid sequence (Fig. 1a-c) . Such a notion poses an entirely new set of questions concerning how protein sequence dictates protein structure and thus functional biology, and invites the possibility that additional protein classes that do not conform to the classic understanding of the relationship between protein structure and function may also exist.
The metamorphic protein class
Over the past decade, several metamorphic proteins have been shown to interconvert between multiple native-like functional states consisting of the same amino acid sequence under physiological conditions. Whilst the cases of anomalous protein folding previously discussed share the ability to mediate multiple functions via different structural conformations, protein metamorphosis appears to be a distinct phenomenon. Unlike protein folding intermediates, metamorphic proteins possess the ability to undergo global structural transitions in order to switch between forms that are not precursors to a single native topology. The well-defined secondary and tertiary structure interactions exhibited in the alternate forms of metamorphic proteins also distinguishes them from the IDP protein class. Additionally, whilst the large-scale structural rearrangement required to switch between alternate metamorphic fold topologies is akin to protein misfolding, protein metamorphosis is not accompanied by an insurmountable increase in protein stability. Thus, despite the dramatic repacking of the hydrophobic protein core and exposure of new binding surfaces, the most notable feature of this protein class is that the metamorphosis event is reversible under physiological conditions (Fig. 1d) . Hence, for a metamorphic protein, the free energy landscape can be characterised by the presence of two or more local minima representing each of the stable three-dimensional structures that define the different native topology states. Each minimum may be separated by relatively low energy barriers. Hence, the alternate metamorphic protein folds are often found to co-exist in a dynamic equilibrium under physiological conditions.
The existence of multiple folded conformations is not prohibited by the principles of physics or chemistry. However, the application of traditional protein structure determination techniques, such as X-ray crystallography and NMR, have traditionally been biased towards the detection of the single most populated conformation and thus inadvertently select against the presence of multiple topologies. As such, the existence of additional metamorphic proteins may have been unintentionally overlooked and alternate conformations selected against. Thus, the ability for a protein to undergo structural metamorphosis may not be as rare as currently thought. It is also not fully understood whether protein metamorphosis is a unique characteristic specific to particular proteins or a more universal phenomenon. Anfinsen himself stated that the native protein is "the one in which the Gibbs free energy of the whole system is lowest; that is, the native conformation is determined by the totality of interatomic interactions and hence by the amino acid sequence, in a given environment" (Anfinsen 1973) . Hence, local changes within a protein's environment may be sufficient to shift the equilibrium between alternate metamorphic states. On the surface, this notion may appear energetically unfavourable as stable alternative folds are likely to act as kinetic traps, slowing the rate of protein folding and thus not likely to have been favoured by evolution (Onuchic and Wolynes 2004) . However, the ability to stabilise areas of inherent flexibility or instability, may in fact facilitate repacking of the hydrophobic core and exposure of new binding surfaces required to transit between the different metamorphic fold topologies, whilst avoiding kinetic traps which may lead to misfolding. Hence, the unusual folding behaviour of metamorphic proteins may be viewed as having evolved for a biological purpose. The biological purpose may be either for duality of function by mutually exclusive activities which could not be accommodated by a single fold or structural dynamism to enable conformational selection (Boehr and Wright 2008) . Hence, the metamorphic transition between the varying structural forms appears to allow the cell to use a unique mechanism of posttranslational regulation, as a result of changes in local physiological conditions, to enable access to the alternate functional structures.
Recently identified examples of metamorphic proteins arise from a diverse range of functional biology, while the recognised triggers for the metamorphic transitions of these proteins also involve a broad range of environmental factors. For example, T7 RNA polymerase converts between the initiation and elongation states upon formation of a growing RNA polymer (Tahirov et al. 2002; Yin and Steitz 2002) and the spindle assembly checkpoint protein Mad2 adopts two distinct conformations in a ligand free state, both of which are required for correct attachment of microtubules to kinetochores necessary for accurate DNA replication in mitosis (Luo et al. 2004 ). This protein is explored in further detail later. Two other metamorphic proteins, also described in further detail, appear to possess a conserved canonical native state and an alternate form. The first, lymphotactin, converts between a monomeric form that binds the G-protein coupled receptor, and a unique dimeric form that binds to heparin (Tuinstra et al. 2008; Camilloni and Sutto 2009) . The second example is the CLIC1 chloride intracellular channel which undergoes a redox induced conversion between a glutathione-Stransferase like canonical monomer form and a soluble dimer form but can also insert into the membrane to form an ion channel (Littler et al. 2004 (Littler et al. , 2010b .
The above-mentioned metamorphic proteins have mostly been found serendipitously. Hence, the majority of cases of proteins now classified as metamorphic were previously treated as unique exceptions to the notion that function arises from a single sequence dictating a single native structure. From such a limited number of representative examples, there does not appear to be any obvious common structural or functional elements or an approach to predict whether a protein will exhibit the ability to undergo metamorphosis. However, a closer inspection of the best characterised conformational switches for this novel class reveals that the metamorphic proteins do have some common properties. These properties include regions of inherent flexibility as well as the ability to avoid kinetic trapping in a misfolded state during conversion between the alternate metamorphic forms, often through the proteinprotein interactions of an oligomeric species (Bryan and Orban 2010) . The following section further elaborates and illustrates the major secondary structure modifications required to convert between the alternate metamorphic forms for three examples of metamorphic proteins. We describe how each fold achieves a novel function for a range of biological processes. From these selected examples, it is evident how relatively 'simple' changes in environmental conditions can effectively shift the equilibrium between alternate metamorphic states.
Mad2
Mitotic arrest deficient 2 (Mad2) is a spindle assembly checkpoint protein and one of the most extensively studied members of the metamorphic protein class. Previously, it was thought that the alternate 'open' and 'closed' folds structurally characterised for Mad2 represented two different binding states: one the free protein and the other the ligand (Cdc20/Mad1) bound form (Luo et al. 2002) . However, both the inactive open (O-Mad2) and active closed (C-Mad2) conformations have now been shown to exist in equilibrium in a ligand-free state (Luo et al. 2004) (Fig. 2a) . Structural comparison of the two forms reveals a central core structure, comprising approximately 70% of the Mad2 sequence, which remains unchanged between the two states. The remaining residues, localised within regions at the Cand N-termini, undergo major structural rearrangement involving the refolding and translocation of the C-terminal β-strand from one end of the main β-sheet to the other.
Switching between O-Mad2 and C-Mad2 is essential for full function in vivo. By transiting between the open and closed conformations, Mad2 mediates the correct attachment of microtubules to kinetochores, a process essential in ensuring the fidelity of chromosome inheritance during mitosis (Luo and Yu 2008) . Briefly, unattached kinetochores contain the checkpoint protein Mad1, which recruits C- (Tuinstra et al. 2007 ) and dimeric Ltn40-2JP1 (Tuinstra et al. 2008 )-forms involves a shift in the hydrogen bonding network between strands β1-β2 and β2-β3 by one amino acid; reorientation of many of the amino acids that form the core of the Ltn10 state to form the Ltn40 dimer interface; and, loss of the C22-59 disulfide and helical structure c Interconversion between reduced monomeric CLIC1-PDB 1k0M (Harrop et al. 2001 )-and the CLIC1 oxidised dimer form-PDB 1RK4 (Littler et al. 2004 )-involves major secondary and tertiary structural rearrangement of the N-terminus (red). Rearrangement of the sheet structures of the monomer to form the large hydrophobic dimer interface is accompanied by formation of the C24-59 disulfide (colored yellow and represented by 'C' on the structure alignment). Grey form-filled represents the equivalent dimer partner Mad2 to provide a surface for the conversion of the available soluble pool of inactive O-Mad2 to active CMad2. It has been proposed that a partially unfolded intermediate state of O-Mad2, consisting of the conserved core structure but with more flexible N-and C-terminal regions, is stabilised by dimerising with the C-Mad2 complex where the latent binding site blocked by the Cterminal of O-Mad2 is then revealed. (Skinner et al. 2008 ). This results in conversion of the soluble pool of inactive OMad2 to checkpoint active C-Mad2 which can then bind and inhibit Cdc20 of the mitotic checkpoint complex, halting progression to anaphase. Additionally, the newly formed C-Mad2-Cdc20 complex is able to facilitate conversion of O-Mad2 to C-Mad2 independent of the CMad2-Mad1 complex (Lad et al. 2009 ).
The spontaneous conversation between O-Mad2 and CMad2 in vitro is very slow, with a lifetime of 9 h and the reverse reaction is even six-times slower again (Tuinstra et al. 2008; Camilloni and Sutto 2009) . This is far too slow to account for the short half-life described for Mad2 in living cells (24-28 s; Howell et al. 2000) and indicates that a relatively large energy barrier exists for this structural interconversion. In vivo, it is likely that interaction between C-Mad2 and Mad1 or Cdc20 makes the structural transition of the subsequently bound O-Mad2 kinetically more favourable than when the O-Mad2 dimerises with C-Mad2 alone (Lad et al. 2009 ); however, this mechanism is not currently well understood.
Lymphotactin
A second representative of the metamorphic protein family is Lymphotactin (Ltn) for which the two distinct folds identified at equilibrium are a monomeric canonical chemokine fold (Ltn10) and a novel dimeric-β-sandwich fold (Ltn40) (Fig. 2b) . Under near physiological conditions (37°C and 150 mM NaCl), the NMR spectra of lymphotactin showed evidence of more than one conformation in solution. Under this condition, two Ltn forms were found in approximately equal amounts. The equilibrium between these two forms could be shifted completely from one to the other by small variations in the salt and temperature conditions alone ). Inter-conversion between these two alternate Ltn structures involved almost complete rearrangement of the hydrogen bonding network (Tuinstra et al. 2008; Camilloni and Sutto 2009 ). In the Ltn40 dimer form, a β-sandwich is formed between two subunits in which the positioning of the β-sheets hydrogenbonding register is shifted by a single residue such that strands β1 and β3 are rotated along the lengthwise axes by 180°in comparison to the Ltn10 monomer structure. A substantial number of hydrophobic side-chains at the dimer interface are also key residues forming the core of the canonical Ltn10 monomeric chemokine form. All the α-helical elements present in the Ltn10 state appear to unfold in the Ltn40 form, and a significant number of positivelycharged residues become exposed to solution. Interconversion between the alternate Ltn states is thought to take place via interaction between two subunits in a monomeric, partially unfolded form which exhibits residual structure involving local contacts common to both the Ltn10 and Ltn40 states (Camilloni and Sutto 2009) .
It is interesting to note that the monomeric Ltn10 protein is also missing a highly conserved disulfide bond found in other chemokines (linking α1 to β1). The monomeric Ltn10 state can be viewed as effectively being destabilised so as to aid the transition to the dimeric Ltn40 form. If the absent α1 to β1 linking disulfide is experimentally engineered back into the Ltn10 protein, it locks the protein into the monomeric state which cannot then interconvert to the dimeric form (Tuinstra et al. 2007 ). The complementary experiment where a destabilising point mutation (W55D) was introduced into the core of the Ltn also prevented reversibility between the two states, but this time locked the protein into the noncanonical Ltn40 dimeric conformation (Tuinstra et al. 2008 ). Thus, in order to determine the Ltn10 canonical lymphotactin structure by NMR, engineering in the second chemokine conserved disulfide bond or acquiring data under very specific conditions of low temperature and high salt (10°C, 200 mM NaCl) were necessary (Tuinstra et al. 2007) .
Binding interactions of the two Ltn states are quite distinct: only the Ltn10 monomer can bind and activate the XCR1 G-coupled protein receptor, while Ltn40 binds heparin, a polysaccharide component of the extracellular matrix. Tuinstra et al. (2008) suggest that the ability to bind completely unrelated surfaces are actually functionally complimentary and enable a novel mechanism to regulate the Ltn biological activity. Ltn40 sequestered to the extracellular matrix, and thus rendered inactive, must dissociate and convert to the Ltn10 form in order to stimulate the XCR1 receptor and induce cell migration in vivo. However, a mechanistic understanding of the interconversion between bound Ltn40 and the Ltn10 state in this functional context is still lacking.
CLIC1
Our own interest in metamorphic proteins came about through structural studies of the chloride intracellular channel (CLIC) protein family. The first member of the CLIC family, p64 (later renamed as bovine CLIC5B), was initially identified in 1987 in the search for the then elusive cystic fibrosis ion channel protein (Landry et al. 1987; Redhead et al. 1992) . Since then, six vertebrate CLIC members (CLIC1-CLIC6) have been identified. In addition to their function as ion channels, the CLICs have also been described to be redox proteins, enzymes and scaffolding proteins coupling the membrane to the cytoskeleton. However, the exact cellular role of the CLIC proteins is still not clearly defined or understood (for further review, see Littler et al. 2010b) .
The CLICs were first viewed to contain significant sequence homology to the glutathione-S-transferase (GST) family, a family of cytosolic enzymes not previously known to possess ion channel activity (Dulhunty et al. 2001 ). The first X-ray crystal structure of a CLIC family member, CLIC1, was obtained under reducing conditions and confirmed CLIC1 to consist of a GST-like fold possessing a thioredoxin N-domain and a larger all α-helical C-domain (Harrop et al. 2001) . Subsequent crystal structures of several other CLIC family members all share the same monomeric GST-like canonical CLIC fold (Littler et al. 2005 (Littler et al. , 2008 (Littler et al. , 2010a Cromer et al. 2007 ). However, upon exposure to oxidative conditions in solution, CLIC1 was also shown by X-ray crystallography to adopt an alternative non-covalent dimer form (Littler et al. 2004) (Fig. 2c) . In this oxidised CLIC1 dimer form, an intramolecular disulfide can be seen to form between cysteine residues 24 and 59, whilst the entire Ndomain becomes completely rearranged into a helical bundle. This large-scale rearrangement results in the loss of structural integrity of the conserved N-domain glutathione binding site and exposure of a large hydrophobic surface that forms the interface between the two helical N-domains in the stable dimer structure. Additionally, this property of inherent plasticity exhibited by the CLIC1 N-domain has also been demonstrated by hydrogendeuterium exchange experiments triggered by low pH conditions (Fanucchi et al. 2008; Stoychev et al. 2009 ).
The ability of CLIC1 to dimerise upon oxidation has only been demonstrated for CLIC1 and cannot solely be attributed to the formation of the intramolecular disulfide. The cysteine 24 residue involved in the disulfide of the CLIC1 dimer is conserved in all CLIC family members. However, the second cysteine, residue 59, is unique to CLIC1. Efforts to engineer a cysteine residue in the equivalent position as CLIC1 C59 in other CLIC homologues has proven unsuccessful in inducing the ability to form a structure equivalent to the CLIC1 oxidised dimer form (Cromer et al. 2007 ). However, mutation of either C24 or C59 in CLIC1 does eliminate the ability to form the CLIC1 dimer (Littler et al. 2004) .
The physiological relevance of the alternative CLIC1 structures is still not clear. Neither of the soluble CLIC1 forms, based purely on their structures, appears to have a direct connection to ion channel function. However, sequence analysis predicts some enzymatic function may be present for the CLIC1 GST-like monomer fold (Littler et al. 2010b) . The function of the soluble dimer is also contentious, although it has been proposed that the interfacial hydrophobic surface may act as a membrane docking intermediate prior to membrane insertion (Littler et al. 2004; Goodchild et al. 2009 ). Further structural transitions of CLIC1 have also been shown to take place in a lipid environment, with the N-terminal transmembrane containing domain capable of transcending the bilayer in order to form the pore required for ion channel conductance (Goodchild et al. 2009 (Goodchild et al. , 2010 . Again, the key environmental trigger for this transition is oxidation which appears to promote interaction of the CLIC1 with the membrane bilayer (Goodchild et al. 2009 ).
Another interesting feature of the CLIC family is the presence of a nuclear localisation signal (NLS) sequence which is highly conserved across all vertebrate CLICs (CLIC1-6) with the exception of CLIC3 (Mynott et al. 2011) . Under conditions of cellular stress, CLIC4 was found to be transported to the nucleus via the classical nuclear import pathway by binding to the import receptor, importin-α (Suh et al. 2004 ). An X-ray crystal structure of a CLIC4 peptide containing the NLS motif clearly shows binding to the major site of importin-α in an extended fashion. The extended nature of the NLS within the binding pocket suggests that, for the interaction between CLIC4 and importin-α to occur in vivo, CLIC4 must undergo significant conformational rearrangement to expose the NLS binding site which may be controlled by S-nitrosylation of CLIC4 (Mynott et al. 2011) . While no structure of an importin-α CLIC4 complex has been determined to date, the intrinsic flexibility of the N-domain together with Snitrosylation appear to contribute to the exposure of the NLS binding site in cells. Therefore, a further CLIC functional and structural state may be assigned to the CLIC family in addition to the GST-like and ion channel forms. The CLIC family clearly demonstrates a metamorphic protein system in which inherent flexibility facilitates multiple functional properties. However, clarification of the role of the different CLIC forms in vivo needs to be sought to determine the precise functional role of the CLIC protein in the cell.
Implications of protein structure evolution via metamorphic intermediates
Evidence for the evolutionary adaptability of proteins is compelling not only in recent evolutionary events such as the emergence of drug resistance but also in the vast range of proteins that have presumably diverged from very few common ancestors. The traditional view that proteins possess absolute functional specificity and a single native structure generally correlates with a lack of versatility, and thus markedly conflicts with the ability to rapidly evolve new protein structures and functions. The key question is then, what role does the existence of metamorphic proteins have for the enrichment of pre-existing functional and structural diversity or the evolution of new protein folds?
It is well known that many amino acids can be mutated without significantly changing a protein's overall structure and thus function. However, there are several examples within the literature that highlight the possibility that only a few point mutations or truncations can take a protein to a novel fold or through a new folding pathway (for example, see Alexander et al. 2009; Yadid et al. 2010) . As discussed earlier, the demonstrated loss of a single conserved disulfide in lymphotactin is sufficient to facilitate Ltn-like metamorphic behaviour in a homologous chemokine, whilst the introduction of a single destabilising point mutation within lymphotactin is sufficient to lock Ltn in the noncanonical Ltn40 dimer fold (Tuinstra et al. 2008 ). An analogous series of mutations in vivo could lead to the formation of a protein lineage with a new functionality and unrelated fold, whilst maintaining significant sequence homology. Several examples of abrupt structural changes within a protein lineage that may be attributed to such metamorphic evolutionary intermediates have previously been identified. These include members of the Cro family of bacteriophage transcription factors (Murzin 2008; Roessler et al. 2008 ) and proteins of the Sfri0567-like family from different Shewanella species identified serendipitously through sequencing pipelines (Andreeva and Murzin 2010 ). Whilst we do not include proteins with high sequence similarity but distinctly different folds within our definition of the metamorphic protein class, these examples of abrupt structural differences within these protein lineages may have been mediated by metamorphic ancestor proteins without the loss of necessary 'foldedness' and function. This carries important implications for the current structural genomics approach and, in particular, homology modelling. It follows that protein homologues may not necessarily have the same three-dimensional structure despite the high conservation of 'core' residues andthus, sequence homology does not necessarily infer structural homology. However, such a role of metamorphic intermediates in mediating evolutionary transitions of structure and function still remains largely unexplored.
Identifying and characterising metamorphic proteins
Identifying and probing the structural transition of metamorphic proteins are key to understanding their functional and evolutionary importance. Structural biology has its roots in the study of globular proteins and until recently has primarily been targeted towards molecules exhibiting high levels of structural homogeneity. Hence, structural analysis typically starts with efforts to minimise conformational heterogeneity of proteins through trimming of flexible regions and purifying monodispersed species to aid in crystal formation. This has proven a very useful approach for studying structured proteins through the many large structural genomic consortiums. While conventional X-ray crystallography has successfully been used to solve the alternate structures of several metamorphic proteins, as already alluded to, this method relies on the ability to isolate and crystallise a single conformation. For example, for the CLIC1 protein, reducing and oxidising conditions used for protein purification were sufficient to trap the monomer and dimer folds, respectively, in near homogeneity. However, due to the very nature of metamorphic protein, i.e. their inherent flexibility and dynamism, metamorphic proteins will not naturally be amenable to crystal formation unless conditions favouring or trapping one conformation are established.
So, how do we identify metamorphic proteins and probe metamorphic structural transitions? At present, we lack any clear method from either a bioinformatics or structural approach to identify metamorphic proteins, and current examples of metamorphic proteins have only been discovered through good fortune. In light of the current concerted effort in structural genomics, new structures for proteins exhibiting high sequence homology but divergent structures associated with metamorphic behaviour may continue to be revealed through high-throughput structure determination pipeline studies. However, many more are likely to be by-passed and thus discarded early in the pipeline due to inherent disorder. For those proteins that are identified as possibly belonging to the metamorphic class, we need means of probing multiple conformations simultaneously.
Recent developments in NMR, including relaxation dispersion spectroscopy and paramagnetic relaxation enhancement, may be used as an alternate approach to characterise multiple metamorphic structures. The presence of more than one structure in solution can be revealed by these NMR approaches, in much the same way as they are currently used to render short-lived, sparsely populated states of the same protein (Clore 2011) . However, methods which enable the 'tracking' of changes in structure between metamorphic conformations will perhaps prove more useful to probe metamorphic protein structure. Low resolution biophysical techniques, including fluorescence resonance energy transfer (FRET) and pulsed Electron Paramagnetic Resonance (EPR), can measure long-range distances and distance distributions within a single sample thereby enabling multiple fold information to be obtained simultaneously (Fajer et al. 2007) . Alternatively, the observation of individual molecules by methods such as single-molecule FRET avoids this averaging and allows, in principle, microscopic distributions of conformations and folding to be identified (Hwang et al. 2009 ). However, a technique to obtain high resolution snapshots of single molecules in motion has not yet been practically realized. Hence, despite the above approaches for pursuing alternate metamorphic structures, at present it appears that the ability to isolate a significant proportion of a single conformer is still essential for a full and accurate high-resolution assignment of alternate structures.
So where are we in understanding the structure and function of metamorphic proteins?
It is clear from the current examples of metamorphic proteins described here that the ability to reversibly transit between different, well-defined topologies under physiological conditions has evolved to fulfil a variety of biological functions. Currently, little is understood about the mechanism that drives the process of metamorphosis and the folding dynamics involved. The presented case studies of metamorphic proteins, although limited in number, are suggestive of this novel class possessing regions of inherent flexibility as well as an ability to avoid kinetic trapping in a misfolded state during conversion between the alternate metamorphic forms. It remains to be firmly established whether these identified features are indeed defining properties of the metamorphic protein family. Only through increasing our understanding of this metamorphic protein behaviour will we learn more about what is possible at the boundaries of protein structure and function.
